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1−2

Netz zum Zeitpunkt t1

2

Verschiebungsvektoren

Netz zum Zeitpunkt t

Netz zum Zeitpunkt t
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��<�/3?�m3F0�925; 8 �[H2: t�<�=amJB5A�A�m3<�6#�!4K/J47A�<$m3<�/36 /3<�4725BD=3BD<�/wm � u>A�;0BD<@O~-0=UV�B5/3?U-06:89<�6 ;0<�=�v9<$/ �
VS<�60;:<$mJ<$6 r ��;0<�2D25=���- -:6Um3<�/w=3-0EGF0<$6�� V�BD/3; ;:B5< , mJ/ L9A�-0608 B56 <�BD60<�A ���9F0/�ACB m�<�BD60<�/
<$B56089<$t0/J4KEGFUm3<�6 F]2D<�60;0< <$B560<$= S < V"mJ�960=wEGF0<�6 r <�;:B5-0A ACB m ;0<$/
;0<�=`A�� ;0<$252DB5<�/amJ<$6 S B5EGF�m �
S <WV"mJ�760=3EGF0<$6 r <$;0B5-0A v9<�/w8925BDEGF0<�6 �
r B m3m3<�25=];0B5<$=3<�/>x>�96�"h89-:/J4Km3B5�96 V�BD/3;�;h47= \ <$/3Fh472 mJ<$6�;:<�/ , m3/ML9A�-:608�B5A F]<�/w<�B5EGF�;0<$/GO"�7/ �
m3<�60?U2�4K�0��<SAC��;0<$2525BD<�/am ��;h4 ;:B5<]�$-�<�/UV�4K/wmJ<$60;0<$6 �~B+E.<$/3<$60��<$6 ;0<�/ , EGF0<�/w89<�=wEGF4V�BD60;0BD89?7<$BDmJ<$6
-06:;C;0<$/(;h47A�BDm�v7<�/wt0-060;0<$60< 1(BD6��h-0=w=P;:<�= S BDEGFUm �XS <WV"mJ�760=3EGF0<$6�r <$;0B5-0A�= 476�;0B5<$=3<$/ , mJ<$2 �
2D<`47A�89/ LJ_7m3<�6�B5=am �
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�~<$/ \ <�/w8925<$B5EGF ;0<$/ , mJ/ L9A�-06087<�6 V�B5/w;�476 <�BD60<�/(/w-060;0<$6F]25<$60;0< yqm3<�BD2 VS<�B5=w<�89<WL[E.6:<$mJ< O"�7/ �
m3<�60?U2�4K�0��<�}];0<�=��~-0/wEGF0A�<�=3=w<�/w=

d = 8mm
v9�9/w89<�60�7ACA�<�6 �

�~BD<
-06�mJ<$/3=3-:EGFUm3< x��76�"h89-0/34KmJBD�96�=3BD60;�B56 O~t:t0B52D;0-0608 �:�+*J* ;h47/w89<�=amJ<�2D2Dm �

O�t0t0B52D;0-0608 �:�+*J* �Nx��96�"089-0/J4@mJB5�76 ;:<�/ u�6�mJ<$/3=w-0EGFU-0608 ;0<$= 1(BD6��h-0=w=3<�= ;0<�= S B5EGF�m �
S <WV"mJ�760=3EGF0<$6 r <$;0B5-0A�=

�~BD< , BDA�-0254KmJBD�96C;:<�= S < V"mJ�96:=3EGF0<$6Ir <$;0B5-:AC= V�B5/3;�A�BDmS;0<$/�ACB m3m325<�/w<�6�<WE�<�?�mJB v9<$6P\~B5=3?K� �
=wBDmGn@m

µeff

;0-:/3EGF089<oqp0F0/am �6V]<$25EGF0< �	V�BD<�BD6sx`47�0B mJ<$2 � ��� t�<�=3EGF:/3B5<$t�<$6 V�B5/w;��l47-0=�;0<�/ \ �92D- �
A�<�60A�BDmwmJ<$25-0608�;0<�= \ <�/w2�47-:oq=";:<�/ \ BD=3?7�7=3BDmJnKm�;0<$/ S B5EGF�m � S < V"mJ�960=wEGF0<�6 , B5A�-:2�4Km3B5�96 oq�72587m �
�~BD< \ <�/amJ<$B525-:608
;0<�/(< E.<$?�mJBDv7<�6 \ BD=3?7�7=3BDmJnKm

µeff

-:60;�;0<�/ , EGF:<�/387<�=3EGF8V�BD60;0B587?7<�B mJ<$6
Πs

;0<�/
S B5EGF�m � S <WV"m3�960=wEGF0<�6 , B5A�-0254KmJBD�96 =wB560;�BD6�;:<�6PO~t0t0BD25;0-:608 �:� * � -:60; � � * � ;h4K/389<$=wmJ<$252 m �

O�t0t0B52D;0-0608 �:�+*[� � \ <�/amJ<�BD25-06:8 ;0<$/ <WE�<�?�mJB v9<$6 \ B5=w?7�9=wBDmJnKm <$B560<$= S BDEGFUm �XS <WV"mJ�760=3EGF0<$6 r < �
;0BD-0A�="47A F]<$B5=w�0B5<$2^<�BD60<�/>�~-0/wEGF0=wm3/ML9A�-0608�<�B56:<�/GF]25<$60;0<

�~<$/ \ <�/32547-:o�;0<$/>< E.<$?�mJBDv7<�6P\ B5=w?7�9=wBDmJnKm
µeff

-060;�;0B5< v7�925-:AC<$6089<�A�BDmwmJ<$2DmJ<�<WE�<�?�mJB v9< \ BD= �
?K�9=3B mGnKm

µeff

;0<�/ , BDA�-02�4@mJB5�76N;0<�= S < V"mJ�96:=3EGF0<$6 r <�;0BD-0A�=�=wB560; B5A �~B�4787/J47A�A �:�+*<-
;h4K/389<$=wmJ<$252 m �
�~BD<`�!47/347A�<$mJ<$/�;0<�/ , BDA�-02�4@mJB5�760<�6C=3B56:; BD6�;:<�/�z!4Kt�<$2525< �:� * ;h4K/389<$=wmJ<$252 m �
� 6 ;0<$/ O~t0t:B525;:-0608 �:�+*9K =wB560; �$-0A�\ <$/3892D<�BDEGF�;0B5< �@� ;0BDAC<$60=3BD�96h472D<�6�H`<$=3EGF8V�B56:;0B589?K<�B mJ=3�:/3� �
"h2D<C;:<�/ , B5A�-0254KmJBD�960<$6 A�BDm S BDEGF�m �XS <WV"m3�960=3EGF:<�A -:60; ;0<$/ , B5A�-02�4Km3B5�96:<�6 ACB m S <WV"m3�96 �
=wEGF0<�A�r <�;0BD-0A ;h47/387<�=wm3<�2D2Dm � �~BD<�H
<�=3EGF8V�BD60;0B587?7<�B mJ<$6 =3B56:;IACB m~;:<�/ O�60=wm3/ML9A�89<�=wEGF8V�B56 �
;0BD89?7<$BDm"<$6�mJ;0BDAC<$60=3BD�960B5<$/wm �
�~BD<`���9=wBDm3B5�960<$6�;0<�/�;h47/w89<�=amJ<$252Dm3<�6 , EGF06:BDm3m3<`=3B56:;�;:<�/�z!4Kt�<$2525< � ��� ��-�<�6�m360<�F0A�<�6 �
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O�t0t0B52D;0-0608 �:� *�� �C\ <�/amJ<$B525-:608�;0<$/ , EGF0<�/w89<�=wEGF8V�B560;0BD89?7<$BDm�<�BD60<�= S B5EGF�m � S <WV"m3�960=wEGF0<�6Ir < �
;0BD-0A�="47A F]<$B5=w�0B5<$2^<�BD60<�/>�~-0/wEGF0=wm3/ML9A�-0608�<�B56:<�/GF]25<$60;0<

µeff

µeff

Πs

 0.005

 0.007

 0.009

 0.011

 0.013

 0.003
 0.001  0.01  0.1  1  10  100  1000  10000

µeff

O�t0t0B52D;0-0608 � � *<- � \ <�/w2�47-:oP;0<$/�\ B5=w?7�9=wBDmJnKm
µeff

-060; ;0B5<�v7�925-:AC<$6089<�A�BDmwmJ<$2DmJ<]\ BD=3?7�7=3BDmJnKm
µeff
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S <WV"m3�960=wEGF0<�=~k!25-0BD; S BDEGF�m �XS <WV"m3�960=3EGF:<�= k�25-0BD;
���9F0/w;0-0/3EGF:AC<$=3=3<$/

D 0, 02m���9F0/w2�n76:89<
L 10D���9=wBDm3B5�96�;0<$/IFS25<�6:;0<

5DH`<$=3EGF8V�B560;:B589?K<�BDm
u 0, 3m/s�~B5EGF�m3<

ρ 1008kg/m3\ BD=3?7�7=3BDmJnKm
µ

?7�760=wmJ476�m��
0, 00785kg/ms

A�� ; �0� /3�9=w= � r � ;:<�252
��<���60�92D;0=3��47F02

ReD 770, 45,.<$252D<�6
100650��4K-0AC;:B5=3?U/w<$mJBD=3BD<�/3-:608 r�O � ,

O~2587�9/3B mJF0A�-:= , � r � 5�1
,.<�B mJ;0BD=3?U/3<mJB5=wB5<$/3-0608 =amG4Km3B5�960n7/3<
��<�EGF:6�-:608

z�47t�<�252D< � � * � �!4K/J47A�<$m3<�/ ;:<�/ \ <$/3892D<�B5EGF:=3/3<$EGF06U-06089<$6 ;0<�/ , mJ/ML7A�-0608�<$B560<$= S B5EGF�m �
S <WV"mJ�760=3EGF0<$6I-060;�<�BD60<�= S <WV"mJ�760=3EGF0<$6 r <$;0B5-0A�=

, EGF06:BDm3m S / � ���9=wBDm3B5�96�� /3<$2 � ��-0/GF]2D<�60;0<
� �a� �
�3� � * �
�w�3� � �
� \ * �
\ � �

z�47t�<�252D< �:� � �l� 47/w89<�=amJ<$252Dm3< , EGF060B m3m3<�t�<�60<$6s;0<$/ \ <$/3892D<�BDEGF0=3/w<�EGF06U-06087<�6I;0<$/ , mJ/ L9A�-0608�<$B �
60<$= S B5EGF�m �XS < V"mJ�96:=3EGF0<$6I-060;�<�BD60<�= S < V"mJ�96:=3EGF0<$6 r <�;:B5-0A�=�B56@O~t:t0B52D;0-0608 �:�+*9K
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Newtonsche Simulation

Nicht−Newtonsche Simulation

u
u 8

O�t0t0B52D;0-0608 �:�+*9K �J\ <$/3892D<�B5EGF�;0<$/];0/w<�B5;:B5A�<�60=wB5�96h4K25<�6�H
<�=wEGF8V�B560;0BD89?7<$BDm3=3�0/w� "h25<�v9�76 , B5A�- �
254KmJBD�960<�6 <�BD60<�= S B5EGF�m � S < V"mJ�960=wEGF0<�6 r <$;0B5-0A�= -06:;d<�B56:<�= S <WV"mJ�760=3EGF0<$6 k�25-0BD; F0BD6Um3<�/
<$B560<$/ F]25<$60;0< �

u∞ = 0.3m/s
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�~BD< , mJ/3�7AC2DB560BD<�6�;0<�/Sv9�9/w89<�=amJ<�2D2Dm3<�6 ��<�EGF:6�-:608�=3B56:; B56 O~t0t:B525;:-0608 � � *&Y ;h47/w89<�=amJ<�2D2Dm � O�A
\ <$/32�4K-:ol;0<�/ , mJ/3�7AC2DB560BD<�6 ��<�BD87m�=wB5EGF�<�BD6 89<�/wB5608Koqp089B58�?U25<�BD60<�/w<�= O�t02 L7=3<�87<�t0BD<$m(BDA kl472D25<P;0<�=
S <WV"mJ�760=3EGF0<$6 r�<�;0BD-0AC=�47A 1(60;:<�;0<�=(;047/389<$=wm3<�252 mJ<$6�F]<�/w<�BDEGF0<�= � �~B5< F]<��9t047EGF�mJ-0608`?@47606

u
u 8

Newtonsche Simulationen

Nicht−Newtonsche Simulationen 1.0

2.0

1.5

0.5

0.0

O�t0t0B52D;0-0608 �:�+*&Y �J\ <$/3892D<�BDEGFC;0<$/ , mJ/3�7AC2DB560BD<�6 -060;C;0<�/]H
<�=3EGF8V�BD60;0B587?7<�B mJ=wt�<mJ/JnK89<>v7�96 , B �
A�-:2�4Km3B5�960<$6�<�B56:<�= S B5EGF�m � S < V"mJ�960=wEGF0<�6�r�<�;0BD-0AC=P-060; <�B56:<�= S <WV"m3�960=wEGF0<�6�k!2D-0B5;�F0BD6Um3<�/
<$B560<$/ F]25<$60;0< �

u∞ = 0.3m/s

;0-:/3EGF <$B560<$6 \ <$/3892D<�BDEGF � V�B5=wEGF0<�6 ;:<�6 � /w� "h2D<�6 B5A O�t0=wmJ4760;
2D

;0<�/]F]2D<�60;0<�t�<�=amGnKm3B587m
VS<�/w;0<�6 y{=wB5<�F:< O~t0t:B525;:-0608 �:�+*9/ } � � 4K=`� /w� "h2�;:<�/ S B5EGF�m � S <WV"m3�960=wEGF0<�6 �><$EGF06U-0608���<�BD87m
<$B560<�=3EGF0254760?K<�/3<�H`<$=wmG4K2Dm�ACB m`F L9F0<$/3<�6 H
/J4K;0B5<$6Um3<�6 � O�-0=�x>�96�mJB56U-0B mGnKm3=389/wp060;0<$6 B5=am�;:B5<
AC42 B5AC4725<~H
<�=3EGF8V�BD60;0B587?7<�B m>;0B5<$=3<�=��(/3� "025<�="FCL9F0<�/ �
7WBD<��$- <$/ V]47/wm3<�6���-06:; ;0<$/�<$6Um3�0/3<$EGF0<�6:;0<�6 5�BDm3<�/34KmJ-0/
�$- <$6Um360<�F:AC<$6 8 �[Y�: �68 ^�: ��B5=am ;0<�/
1(B56��h-0=3= ;0<$/ S B5EGF�m � S <WV"m3�960=wEGF0<�6 1(BD89<�60=wEGFh4Ko m3<�6 BD6 87/3�J_9<$6 H
<$o{nQ_9<�6 ��- v9<�/w6h47EGF025n7=3=wB �
89<$6 �
�~<$/ \ <$/3892D<�BDEGFC;0<$="H
<�=wEGF4V�BD60;0BD89?7<$BDmJ=w�0/3��"h25=S47-0=P;0<�/S6U-0AC<$/3BD=3EGF0<$6 , B5A�-02�4Km3B5�96�-060; ;:<�A
4760472 �UmJBD=3EGF0<$6 H`<$=3EGF8V�B560;:B589?K<�BDm3=3�0/w� "h2�25n7=3=am�=3B5EGF�A�BDm�;:<�A�v7�9/389<$=wm3<�252 mJ<$6 1(/w89<�t06:B5=�60B5EGF�m
476:=wmJ<$252D<�6 � ,.-:A <�B56:<�6�=3B56:; ;0BD<`1(B5602547-:oq=wm3/3<$EG?7<�6sB56�;0<�6 6U-0AC<$/3BD=3EGF0<$6 , BDA�-02�4@mJB5�76 60B5EGF�m
47-:=3/3<$B5EGF0<$60;s�$-0/>?7�9A��025<m3m3<�6 O~-0=wt0B52D;0-0608�;0<$=~�(/3��"h25=��h��-0A 4K60;0<�/w<�6 B5=wm>;0BD<�O~-�� L9=3-06:8
BD6 ;0<$/��(/w� "h25A�BDmwmJ< �$- H
-060=wm3<�6 <$B560<$/�FCL9F0<�/w<�6 O�-�� L9=w-0608 B5A �>4760;0t�<�/w<�B5EGF ��- 89<�/wB5608
-0A�;h47="m ���0B5=wEGF0<�4Kt089< �h47EGF�mJ<�H`<$=3EGF8V�B560;:B589?K<�BDm3=3�0/w� "h2Pyq=3B5<$F0< 8 �QY�: }�4Kt0��-0t:B525;:<�6 �

� � � ��� � � 	 �)�"�"("���'!�� � 	 ��� ����� � % �"+���� ���
�~BD<�|><�/3�$?U2�47�0��<�6�=3B56:;��h47=w=3BDv�89<$=wmJ<$-0<�/amJ<�1(25<$AC<$6�mJ< �9VS<�25EGF:<�6U-0/(47-:oq87/3-060;�;0<�=(4K6025BD<�89<$6 �
;0<$6��~/w-0EG?7<$="89<`L[E�60<m�t0� V � 89<$=3EGF02D�9=3=w<�6 VS<�/3;:<�6 � u�6�mJ<$/3=3-:EGF�-:6089<�6�A�BDmP47?�mJB v�t�< V]<$87mJ<$6
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Nicht−Newtonsche Simulation

Newtonsche Simulation

u
u 8

O�t0t0B52D;0-0608 �:�+*9/ � \ <�/38725<�BDEGFW;0<�/�;0/w<�B5;:B5A�<�60=wB5�96h4K25<�6 H
<�=wEGF8V�B560;0BD89?7<$BDm3=3�0/w� "h25< v7�96 , B �
A�-:2�4Km3B5�960<$6N<�BD60<�= S B5EGF�m � S < V"mJ�960=wEGF0<�6�r <�;0BD-0A�=�-060;W<�BD60<�= S < V"mJ�96:=3EGF0<$6�k!25-:B5;NBDA
O�t0=wmJ4760; � � �$- <$B560<$/ F]25<$60;0< �

u∞ = 0.3m/s
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1(25<$AC<$6�mJ<�6��$<�B587<�6��K;h47=3= ;0BD< , m3/ML9A�-:608
B5F0/w<�/w=3<�B mJ=�;:-0/3EGF�;0BD<"47-:oq89<$�0/JnK87mJ< F]< V]<$89-0608`t�< �
<$B56��h-:=3=wm V�BD/3;��[V]47= ��-�o{472D=3EGF0<$6 1(/387<�t060BD=3=w<�6�oqp0F0/wm � �~B5<�x>�960=w< �U-0<�6:�~47-:=P;:B5<�=w<�6Cu�6�mJ<$/ �
=w-0EGFU-06089<$6�B5=wmP;0BD< S �7m VS<�60;0BD89?7<$BDmS<�BD60<�/ , m3/3-0?�mJ-:/ �U, mJ/ML7A�-06089=wAC<$EGFh4760BD=3EGF0<$6�x��9�:�025-06:8 �
� A ��47F:AC<$6 ;:B5<�=w<�/�O�/3t�<�BDm2V�B5/3; 47- o~;0BD<�=w<�x��9�0�:25-0608 v7<�/3�$B5EGF�mJ<m � u�A ;0B5< , mJ/ML7A�-0608
BDA \ <�6�mJ/wB5?K<�2�;0<�6:60� EGF /3<�4725BD=wmJBD=3EGF 47t0�$-0t0B52D;0<�6 � V�B5/3; B56#;0<$6 F0BD<�/�;0-0/wEGF089<oqp0F0/wm3<�6 , B �
A�-:2�4Km3B5�960<$6 <�BD6 � � ;0BDAC<$60=3BD�96h472D<�=
x
2�4K�0��<$60A�� ;0<$252�<�6�m V�B5EG?K<�2 m ��;0<�=w=3<$6 1(B56��h-:=3=�47-:o�;:B5<
, m3/ML9A�-0608 ;0<$A�1(B56��0-0=3=�;0<$/ /3<�4K25<�6#x
2547�0��<�6#476087<��h47=w=wm V�B5/w; � ��B5<�x
2�47�:��<$6 V]<$/3;0<$6
;0-:/3EGF��>4760;0t�<�;:B56089-:6089<�6 /3<�4K25B5=wB5<$/wm �7;0<�60<$6 <�BD6CvK47/wB�47t02D<�/ 7WB5;:<�/3=amG476:; ��-:89<��9/w;060<m V]<$/ �
;0<$6 ?@47606 � �~<$/ 7WBD;0<�/w=wmG4K60; ?@47606 �WV�B5=wEGF0<�6

0
-06:; ∞ vK47/3BDB5<$/wm�VS<�/3;:<�6 � �~B5<Cx
2�47�0��<�6

VS<�/w;0<�6�<�6�mJ=w�0/3<$EGF0<�6:;IB5F0/w<�/"�(/w� �w<�?�mJBD�96�47-:o�;0BD<
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Vorlaufdruck (Vorlast)Nachlaufdruck (Nachlast)

Kreislaufwiderstand

Model der Mitralklappe
Model der Aortenklappe

Generischer VorhofGenerische Aortenwurzel
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maxu

maxu

V *

1 t *

V *

1 t *
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A B C D

B : Schließung der Mitralklappe

A : Öffnung der Mitralklappe C : Öffnung der Aortenklappe
D : Schließung der Aortenklappe
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